The canonical view of the interactions between viruses and their microbial hosts presumes that changes in host and virus fate requires the initiation of infection of a host by a virus. Infection may lead to the death of the host cell and release of viruses, to the elimination of the viral genome through cellular defence mechanisms or the integration of the viral genome with the host as a chromosomal or extrachromosomal element. Here, we revisit this canonical view, inspired by recent experimental findings in which the majority of target host cells can be induced into a dormant state when exposed to either active or deactivated viruses, even when viruses are present at low relative titre. We propose that both the qualitative phenomena and the quantitative timescales of dormancy induction are consistent with the hypothesis that cellular physiology can be altered by contact on the surface of host cells rather than strictly by infection. In order to test this hypothesis, we develop and study a biophysical model of contact-mediated dynamics involving virus particles and target cells. We show how virus particles can catalyse cellular transformations among many cells, even if they ultimately infect only one (or none). We also find that population-scale dormancy is robust to variation in the representation of model dynamics, including cell growth, death and recovery.
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The canonical view of the interactions between viruses and their microbial hosts presumes that changes in host and virus fate requires the initiation of infection of a host by a virus. Infection may lead to the death of the host cell and release of viruses, to the elimination of the viral genome through cellular defence mechanisms or the integration of the viral genome with the host as a chromosomal or extrachromosomal element. Here, we revisit this canonical view, inspired by recent experimental findings in which the majority of target host cells can be induced into a dormant state when exposed to either active or deactivated viruses, even when viruses are present at low relative titre. We propose that both the qualitative phenomena and the quantitative timescales of dormancy induction are consistent with the hypothesis that cellular physiology can be altered by contact on the surface of host cells rather than strictly by infection. In order to test this hypothesis, we develop and study a biophysical model of contact-mediated dynamics involving virus particles and target cells. We show how virus particles can catalyse cellular transformations among many cells, even if they ultimately infect only one (or none). We also find that population-scale dormancy is robust to variation in the representation of model dynamics, including cell growth, death and recovery.
Introduction
Dormancy is ubiquitous in microbial systems. Examples of dormancy in microbes include bacterial persistence [1] [2] [3] , microbial 'seed banks' [4] and starvationdependent division [5] . Microbes that enter dormancy-whether by stochastic bet hedging or via phenotypic plasticity-may do so as an evolutionary strategy in response to uncertainty in environmental selection pressures [6] [7] [8] . Infection and lysis by viruses represents a key selection pressure in the environment. For example, Escherichia coli may enter the persistence state as a means to diminish, temporarily, the ability of viruses to eliminate a local population [9] . Persister cells are characterized by slowed or even halted growth as well as decreased susceptibility to antibiotics and viruses. Nonetheless, the transition between active growth and persistence is thought to be stochastically induced rather than to be a direct consequence of virus-host interactions.
The possibility that virus-host interactions may directly induce cell-state transformations is raised by the recent empirical findings by Bautista et al. [10] . This team studied the interactions between the archaeon Sulfolobus islandicus and the dsDNA fusellovirus Sulfulobus spindle shaped virus (SSV9). Sulfolobus islandicus is a globally distributed archaeon, commonly found in hot spring ecosystems. Sulfolobus islandicus is also a model system for studying the ecoevolutionary basis for diversity in archaea [11] [12] [13] [14] [15] . Bautista et al. found that 'challenge of RJW002 (the host) with SSV9 (the virus) induced a populationwide stasis or dormancy response, where the majority of cells are viable but not actively growing' [10, p. 2] . Dormant cells appear 'empty' without coherent intracellular structure in contrast to normal cells. Dormant cells can then reorganize and revert to actively growing cells. In the experiment, viruses were introduced at low concentrations relative to that of hosts. Yet, after 24 h, nearly 100% of cells were classified as dormant [10] . The interpretation of this result is that there was an amplification in the number of dormant cells at the end of the 24 h period versus the number of viruses at the start of the experiment. Further, in a follow-up experiment, nearly 100% of cells initiated dormancy even when the host was exposed to deactivated viruses at low relative concentration. Deactivated viruses should not be able to initiate infection.
Bautista et al. [10] highlight the potential role of dormancy as a strategy to survive viral infection and lysis. These experiments also raise the possibility that contact between virus particles and hosts may be sufficient to initiate a large-scale physiological response, both at the cellular and populationscales. Here, we propose a biophysical model of virus-induced dormancy of microbial host cells. The model focuses on the early dynamics of virus-host interactions in which viruses can 'contact' host cells reversibly. We solve the model analytically and identify distinct qualitative regimes, including one of dormancy enhancement. In the dormancy-enhancement regime, nearly all of the target host cells enter dormancy even when there are far fewer viruses than hosts. Dormancy enhancement is robust to inclusion of cell and virus turnover. We close by considering how subsequent experimental tests may help elucidate the relative importance of viral contact, infection and cell-to-cell communication in understanding the transformation of microbial cell state.
Methods
We propose a nonlinear dynamics model of virus-host interactions (figure 1). This model describes the early dynamics of interactions involving viruses and hosts and the initiation of either dormancy or an active infection. Consider an environment containing susceptible cells, S, and free virus particles, V. Free viruses can contact cells forming a complex, C, given a diffusion-limited contact rate of k þ cells/(ml . h). The use of the term 'complex' suggests an analogy to models of enzyme kinetics. The complex is reversible. The disassociation rate is k 2 cells/(ml . h), and the infection rate is k f h
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. If disassociation takes place, then the virus is released back into the environment. We assume that disassociation may also induce a cellular transformation leading to dormancy with probability p. If viral entry takes place, then the viral genome enters the host cell. When viruses are active, this entry can lead to an actively infected cell. When viruses are deactivated, e.g. after exposure to ultraviolet (UV) light, then entry cannot lead to infection. The density of cells with a viral genome is denoted as I in either the active or deactivated scenarios.
The dynamics of this model can be written as
The system can be reduced in complexity. First, there is a constraint that S 0 ¼ SðtÞ þ CðtÞ þ DðtÞ þ IðtÞ, because the dynamics in the model track the transformation of an initial population of S 0 susceptible cells into four different states: susceptible, complex, dormant and infected. There is another constraint that V 0 ¼ CðtÞ þ IðtÞ þ VðtÞ, because the dynamics track the transformation of an initial population of V 0 viral genomes into three different states: in free viruses, temporarily bound with cells and inside of hosts. Finally, when contact occurs rapidly, then we can use a standard assumption in enzyme kinetics theory and presume that the concentration of C rapidly equilibriates (for example, see the appendix of [16] ). This is a standard approach to analysing models characterized by fast-slow dynamics. Here, we assume that the change in C is relatively fast when compared with other state variables. In the fast limit, then
This approximation is referred to as quasi-steady-state approximation rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161037 2 (QSSA). Substituting the QSSA equilibrium for the concentration of the complex yields the following reduced system:
We can then identify the following control parameters: the conditional probability of infection given contact, This model can be interpreted as follows. The density of susceptible hosts decreases at a rate proportional to the densities of virus and susceptible host populations (equation (2.3)). The proportionality constant is f, the adsorption rate, multiplied by an enhancement factor of (1 þ d), where d is the number of dormant cells induced for each infected cell produced. The enhancement factor arises because of the fact that susceptible hosts can become infected or enter dormancy owing to interactions with viruses. The number of free viruses decreases at a rate proportional to the densities of virus and susceptible host populations (equation (2.4)). The proportionality constant in that case is f, the adsorption rate, because that is the means by which free viruses are removed from the medium.
The model does not include birth and death of hosts, the lysis of hosts by viruses, nor the decay of virus particles. As such, the model describes early dynamics of virus-host interactions. This focus is in contrast to models of virus and host dynamics mediated by density-dependent infection and lysis, rather than by contact [17 -20] . We introduce and study an extension of this model with host demography and viral decay in §3d.
Results (a) Qualitative regimes of dormancy induction
The model described in equation (2.3)-(2.4) can be solved analytically (see the electronic supplementary material), yielding
and
where
The system dynamics have qualitatively different behaviours for V . 0 and for V , 0 (table 1) . Therefore, V acts as a critical parameter, both in a biological and dynamical systems sense.
Recall that ð1 þ dÞV 0 is the maximum number of hosts that can be infected or enter dormancy as a result of interactions with viruses. Therefore, when S 0 . ð1 þ dÞV 0 , then there are enough hosts for all viruses to infect cells (V 0 in total) and to catalyse d hosts per infected cell to enter dormancy dV 0 (in total). This is the case when V ¼ S 0 À ð1 þ dÞV 0 is positive. In this limit, all viruses infect a cell, whereas some hosts remain uninfected. The condition V . 0 represents the 'virusdepletion' limit. By contrast, when S 0 , ð1 þ dÞV 0 , there are not enough hosts for all viruses to infect cells and to catalyse d hosts per infected cell to enter dormancy. This is the case when V ¼ S 0 À ð1 þ dÞV 0 is negative. In this limit, all hosts are either infected or enter dormancy, whereas the viruses remain in the system. The condition V , 0 represents the 'host-depletion' limit. The condition V ¼ 0 represents the critical point dividing these two dynamical regimes (figure 2).
(b) Viruses can induce nearly all hosts to enter dormancy, even when the virus -host ratio is far less than one Traditional analysis of virus -host interactions presupposes that entrance of viral genomes into a host is required for virus-mediated modification of host cell physiology. Here, as in traditional models, V 0 represents the upper limit to the number of hosts infected by viruses (table 1) . This limit holds when restricting attention to short-term dynamics before replication and lysis that releases more viruses that can initiate subsequent infections. However, in the present model, hosts can also undergo contact-mediated dormancy. When the ratio of viruses to hosts is small, i.e. the multiplicity of infection (MOI) is M 0 ; V 0 =S 0 ( 1, we find an unexpected outcome: nearly all of the hosts can enter dormancy even when there are far fewer viruses than hosts. In the host-depletion regime, V , 0, then
This condition holds so long as the relative rates of unbinding and dormancy are high relative to infection and there are enough viruses. The critical virus density depends on d and is equal to S 0 =ð1 þ dÞ. For virus densities above this value, then the dormant cell fraction will have reached its maximum, because the system moves from being host-depleted to virus-depleted. The comparison of the asymptotic dormant cell fraction and infected cell fraction are shown in figure 3 . As is apparent, more cells become dormant and infected with increasing titre. Yet, the balance of dormancy or infected cell fates shift with increases in d. As d increases, Table 1 . Asymptotic densities of state variables given the control parameter V ¼ S 0 À ð1 þ dÞV 0 . (The conditions V , 0 and V . 0 represents the host-depletion and virus-depletion limits. See the text for more details.)
rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161037 then many dormant cells are initiated for each infected cell, whereas when d decreases, then very few dormant cells are initiated for each infected cell. Population-wide dormancy does not emerge for entry-dependent initiation given exposure of a microbial host population to viruses at low MOI (see the electronic supplementary material, SI-SII).
(c) Dynamics of dormancy induction in the archaeon

Sulfolobus islandicus
We apply our biophysical model of contact-mediated dormancy to a recent empirical study of interactions between the archaeon S. islandicus and the dsDNA fusellovirus Sulfulobus spindle shaped virus (SSV9). In the experiment, viruses were introduced at low concentrations compared with that of hosts. In this experiment, host concentrations were measured in terms of colony-forming units, and virus concentrations were measured in terms of infectious particle counts. The ratio of viruses to hosts, M, was estimated to range between 0.01, given plaque-forming unit counts, and 0.1, given quantitative PCR counts. In this experiment, nearly 100% of host cells entered dormancy. Hence, there was a 10-to 100-fold increase in the conversion of host cells into a dormant state. SSV9 was then exposed to UV light to deactivate the virus population. We interpret this result to mean that exposure to a relatively small number of deactivated viruses that cannot initiate infection are sufficient to induce a population-wide dormancy response. These qualitative results are the basis for our quantitative parametrization and analysis of the model. The governing parameters of the biophysical model are f, the adsorption rate and d, the ratio of dormancy induction to infection. Bautista et al. estimated f original to be 8. 
where r v is the effective radius of the virus, r h is the effective radius of the host, where the prefactor is appropriate for interactions taking place in a 788C incubator (equivalent to 3518K) and in a medium with the viscosity of water. Assuming r h ¼ 1 mm and r v ¼ 0.04 mm then we predict k þ % 1.2 Â 10 27 ml h
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. The ratio of the diffusion-limited contact rate expected from first principles, kþ, and the realized adsorption rate measured in the experiment, f can be used to estimate q ¼ f=k þ ¼ 0:02. In this limit, then q % k f =k À , such that d ¼ p=q.
We
This result means that many hosts cells could enter dormancy given exposure to low relative titre of viruses. Yet, the value of p, and therefore of d, remains a free parameter given the experimental tests conducted in the system. The maximum value of d is when p ! 1, i.e. when the conditional probability of inducing dormancy given a reversible contact approaches We provide another evaluation of the model by considering the timescale over which contact-mediated dormancy should take place. The appropriate timescale is predicted to be t c ¼ 1=fð1 þ dÞV 0 . The approximate cell density for experiments in [10] was S 0 % 2.5 Â 10 8 ml 21 . We assume that viruses were present at V 0 % 0.02 S 0 . Using these values, we estimate t c % 4 h. Hence, we predict a characteristic timescale for conversion of 64% of hosts, corresponding to a one-log drop in susceptible host density, in a time period of 4 h and to conversion of 87% of hosts, corresponding to a two-log drop in susceptible host density, in a time period of 8 h. We view this timescale analysis to be another confirmation of the model, given that even if the hosts initiate dormancy after contact, the dormancy 'phenotype' is likely to be delayed given the re-organization of intracellular dynamics. In summary, non-infectious and reversible contacts could happen sufficiently frequently so as to rapidly induce dormancy on relevant timescales of experimental observations.
(d) Host dormancy and demographic dynamics
In this section, we introduce a model variant that includes the dynamics of host recovery subsequent to exposure to viruses, rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161037 of dormant cells (c). In all cases, the system exhibits a rapid emergence of a population-wide dormant state. This state lasts for approximately 24 h in the absence of dormancy recovery (g ¼ 0) and is shortened given the possibility that dormant cells recover. In all cases, the population has recovered by 72 h, such that total cell density approaches the carrying capacity, and the population is comprised largely susceptible cells. Note that the total cell population decreases before this recovery occurs, because a large fraction of cells have become dormant and do not reproduce, causing cell death to outweigh production. This cost of dormancy is also observed in the experimental work of Bautista et al. [10] .
The strength of large-scale dormancy induction can be characterized in terms of the maximum fraction of dormant cells at any given point in time. This maximum fraction ranges from 0.85 to 0.98 in all model variants examined, including those with slower and faster cell death rates (figure 5). These numerical results strengthen our claim that viral contact may be sufficient to induce large-scale dormancy in a host population even when deactivated viruses are present at very low relative titre (see additional validation in the electronic supplementary material, figure S1 ). However, this agreement also raises the question as to whether the mechanism of large-scale dormancy over short hour periods is connected to the findings of large-scale dormancy in the asymptotic limits of the reduced model.
We evaluate this question by varying the virus -host ratio and d. For each parameter and initial condition, we find the maximum fraction of D(t)/N(t) from the dynamic model. This maximum dormancy is shown in figure 6a . It has many similarities to the results from the asymptotic model. First, in the limit that V 0 ) S 0 then all hosts will rapidly be contacted by at least one virus. As a consequence, the maximum fraction of the dynamic model should scale with d/ 
, all in units of hours and ml.
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(1 þ d)-just as in the asymptotic model. Second, when V 0 ( S 0 , then at most dV 0 of the cells will enter dormancy. Hence, we expect that the initial slope of the dormancy fraction should scale with d-just as in the asymptotic model. Both these features are confirmed in the dynamic model. As a result, we propose an ansatz to rescale the results of simulations in figure 6a . This rescaling corres-
In this rescaling, the characteristic virus-to-host ratio is x c ; 1=ð1 þ dÞ. We confirm that the dynamic simulations have the same scaling behaviour in figure 6b, including the same crossover behaviour. Crucially, the bifurcation of the asymptotic model occurs when V ¼ 0, or equivalently when V 0 =S 0 ¼ 1=ð1 þ dÞ. Hence, the bifurcation in the asymptotic model can be interpreted as a crossover condition between different regimes in the dynamic model. In summary, large-scale dormancy is a robust feature of models with and without cell and virus turnover. The common requirement is that individual virus particles contact multiple hosts prior to adsorption.
Discussion
We have proposed a biophysical model of host-dormancy initiated by contact with viruses. The model explicitly accounts for the possibility that viruses can contact host cells reversibly. Reversible contacts may, with some frequency, lead to induction of dormancy. Such contact-mediated dormancy at the cellular scale can be evident at the population-scale in certain limits. In particular, we predict a critical transition to a regime in which the vast majority of cells become dormant even if the initial ratio of viruses to hosts is quite small. This regime is found to be robust to a broad range of biophysically relevant parameters. This regime is also robust to the inclusion of host demographic dynamics and viral decay.
The inspiration for the model was a recent series of findings that the majority of an archaeal population could enter a stasis-like 'dormancy' in less than 24 h after exposure to a relatively small number of viruses [10] . The same effect was observed whether active or deactivated viruses were used. This experimental finding suggests the possibility that contact between virus particles and host surfaces induce a transformation in host phenotype. Dormant cells were unlikely to be infected and lysed by viruses. However, such dormancy comes at a cost, as residing in a dormant state for too long can lead to loss of cell viability and cell death [10] . Further work would be required to evaluate whether dormancy could be initiated independent of interactions with viruses, which would represent a form of bet hedging.
We fit our original model to the experimental host-virus system, leaving only one free parameter: the conditional probability of dormancy initiation upon a reversible contact. We predict that whenever this conditional probability is sufficiently high, then large-scale initiation of dormancy can occur even when very few cells are infected. Based on our fits, we predict rapid initiation of dormancy can take place on a timescale of 4-8 h, sufficiently fast so as to identify a dormancy phenotype among the majority of the host population in the 12 -24 h period as observed. Moreover, the same model fits predicts the potential for a 50-fold enhancement in dormant cells with respect to viruses. Experiments observe higher enhancement ratios ranging from 10-to 100-fold [10] . The uncertainty is owing, in part, to challenges in quantifying infectious virus titre. Inclusion of host demographic dynamics is compatible with large-scale dormancy, albeit the dormant state is a transient feature when hosts are exposed to deactivated viruses.
There are many intracellular mechanisms by which the interaction between a deactivated virus and a host can lead to dormancy. Contact may initiate a host-cell-dependent regulatory mechanism that leads to a rapid change in cellular state even without infection. There may also be additional mechanisms of relevance, e.g. cell-cell communication or release of extracellular molecules, as a means to amplify a small viral contact 'signal'. For example, an infected cell, or cell with a deactivated viral genome in its cytoplasm or integrated into its genome, may release molecules that induce dormancy in uninfected cells. Differentiating between a contact-mediated mechanism and a communication-mediated mechanism may be facilitated by experimentally varying the relative fraction of deactivated viruses. The current contact-mediated model predicts a linear decline in dormant cells below a critical ratio of viruses to hosts (figure 3). By contrast, a communication-mediated mechanism need not exhibit such a subcritical, linear relationship. Dormancy in a small population of cells could induce large-scale population changes without further interaction with viruses. In such a model, the fraction of dormant cells may switch from very low to very high, depending on the ratio of viruses to hosts, similar to quorum sensing phenomena.
In moving forward, a number of issues remain to link the proposed early-time dynamics with long-term dynamics in this specific model system. First, nonlinear feedbacks are likely to arise in this system owing to the infection and release of viruses, at least when not previously deactivated. Second, here we assume that viruses cannot infect dormant cells. The consequences of such infections remain uncertain given that interaction between viruses and dormant cells are not fully elucidated. Finally, it is known that intracellular interactions of S. islandicus and its viruses are mediated, in part, by the CRISPR/Cas immune system. The CRISPR/Cas immune system is ubiquitous in bacteria and archaea. CRISPR/Cas enable host cells to target and degrade foreign genetic elements, including viruses [24] [25] [26] . CRISPR-mediated interactions can lead, over time, to the diversification of the host as it obtains new immune elements from the virus and to the diversification of the virus [27] [28] [29] . Linking early-to long-term dynamics will also need to confront the potential diversification of communities arising owing to contact-mediated and infection-mediated dynamics.
In summary, dormancy is a feature of organisms spanning animals to plants to microbes. The evolution of dormancy has long been thought to represent a way to maximize longterm fitness in an uncertain environment [6] . For microbes, part of the uncertainty in their fitness stems from the possibility that they may be infected and lysed by a virus. Here, we find that a biophysical mechanism of contact-initiated dormancy is consistent with observations of rapid and large-scale transformation of a host archaeal population into a dormant state by a relatively small number of viruses. This transformation occurs even when hosts are exposed to deactivated viruses. Further experiments to probe how dormancy changes with variation in virus particle density may help elucidate the underlying mechanism and yield new biological surprises. In doing so, new theoretical approaches are needed to consider the integration of rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20161037 'fast' dynamics at contact scales with the long-term nonlinear feedbacks arising from the effects of physiological transformations and infection on host and virus populations.
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